Introduction
============

Pancreatic cancer is the fourth leading cause of cancer-related death in the US, with an overall 5-year survival rate of 5%.[@b1-ijn-9-1891] Even localized disease has a 5-year survival rate of only 18%--24%.[@b2-ijn-9-1891] According to the American Cancer Society's estimates, 45,220 pancreatic cancers will be diagnosed in 2013 and 38,460 patients will die of pancreatic cancer.[@b3-ijn-9-1891] In spite of significant improvements in operative techniques and postoperative mortality rates, the overall survival for these patients has not changed significantly over the past four decades.[@b4-ijn-9-1891] Borderline resectable pancreatic cancers exemplify a subset of locally advanced pancreatic cancer (LAPC). Up to 30% of patients present with LAPC.[@b5-ijn-9-1891] National Comprehensive Cancer Network (NCCN) guidelines v2.2012[@b6-ijn-9-1891] have laid out the criteria for borderline resectable pancreatic tumor. The guidelines clearly emphasize the need to delineating the tumor from superior mesenteric vein (SMV), portal vein, gastrodudenal artery, hepatic artery and superior mesenteric artery (SMA). The guidelines also highlighted characterizing the involvement of these vessels in terms of impingement, abutment, narrowing, occlusion and encasement. The tumor is considered to be borderline resectable if it fulfills these criteria and shows no evidence of distant metastasis.[@b6-ijn-9-1891] This category carries higher risk of margin-positive resection.

Currently, preoperative neoadjuvant therapy is often used for patients with borderline resectable tumors.[@b7-ijn-9-1891] Anatomic staging is performed both before and after chemotherapy and/or chemoradiation with the use of multidetector computed tomography (CT). With such therapy, a large number of cancer cells are destroyed and thereafter replaced by fibrosis.[@b7-ijn-9-1891] In the pancreas, the acinar epithelium is more sensitive to radiation compared to the islet cells and post-radiation therapy appearance may simulate pancreatitis.[@b8-ijn-9-1891],[@b9-ijn-9-1891] The post-treatment response is usually seen as soft tissue on restaging CT scan, leaving the nature of this soft tissue open to speculation of post-neoadjuvant morphologic change or tumor progression. Moreover, because of the overlapping soft tissue attenuation, CT can not reliably distinguish between the two.[@b10-ijn-9-1891] This soft tissue often tends to make the tumor margin indistinct, posing an additional challenge to the operating surgeon who aims for achieving disease-free margin. Thus, there is a need for a non-invasive imaging tool that allows the accurate delineation of treatment response from an adjacent viable tumor.[@b10-ijn-9-1891],[@b11-ijn-9-1891]

Conventional magnetic resonance imaging (MRI) with gadolinium depicts enhancement patterns and provides no information at the cellular level. Ferumoxytol, by virtue of its cellular uptake, is more relevant than conventional MRI, which cannot provide information on the tumor margin of aggressive tumors like pancreatic carcinoma.

With this background, we sought to evaluate the role of ferumoxytol-enhanced MRI in delineating primary tumors in pancreatic adenocarcinoma patients undergoing preoperative neoadjuvant therapy. The objective of our study was to investigate if "functional" imaging with ferumoxytol can provide more precise tumor margin delineation than conventional "structural" imaging in patients undergoing neoadjuvant therapy for pancreatic carcinoma.

Materials and methods
=====================

Patient population
------------------

In this institutional review board approved, Health Insurance Portability and Accountability Act (HIPPA) compliant study, ten patients with biopsy-proven pancreatic adenocarcinoma were included initially. These patients were drawn from a larger prospective study aimed at the detection of lymph node metastasis following the administration of ultrasmall superparamagnetic iron oxide particles (USPIO ferumoxytol). These patients were screened for the inclusion criteria of locally resectable or borderline resectable pancreatic carcinoma and underwent the MRI scans after signing the written informed consent form. Patients with unresectable disease (and/or distant metastasis at the time of initial screening), those who didn't undergo surgery even after undergoing study procedure, and those who had contraindications for undergoing MRI (metallic foreign body/pacemaker/claustrophobia) were excluded. Pregnant women and patients predisposed to iron overload (secondary to conditions like thalassemia) were also excluded.

The patients were categorized into two distinct groups; A) those with borderline resectable tumor who received preoperative neoadjuvant therapy (with 25 Gy of proton beam radiation and concurrent capecitabine) and B) those with resectable tumor who did not receive preoperative neoadjuvant therapy. The patients in group A had borderline resectable tumor and underwent preoperative neoadjuvant therapy that was aimed at downstaging the tumor to resectable status.

Characteristics and administration of the contrast agent
--------------------------------------------------------

Ferumoxytol (AMAG Pharmaceuticals, Lexington, MA, USA) is an USPIO nanoparticle with an average colloidal particle size of 30 nm by light scattering and a molecular weight of 750 kDa. It is comprised of a nonstoichiometric magnetite core covered by a semisynthetic carbohydrate coating of polyglucose sorbitol carboxymethylether designed to minimize immunological sensitivity. Ferumoxytol is available as a sterile, neutral pH liquid containing 30 mg of elemental iron per mL. The blood half-life is dose dependent and is approximately 14.5 hours at a dose of 4 mg/kg. All patients received ferumoxytol intravenously at a dose of 6 mg/kg of body weight to a maximum dose of 510 mg (17 mL) of elemental iron. Ferumoxytol was administered by hand injection at the rate of 1 mL/second, which was chased by a saline bolus of 10 mL. Each patient was monitored for the development of adverse effects of ferumoxytol.

MRI and analysis
----------------

MRI of the upper abdomen (T1, T2, and T2\*-weighted imaging) was performed on a 3T system (Magnetom Trio, A Tim System; Siemens, Erlangen, Germany) using an 8-channel phased array body coil, before, immediately after, and 48 hours after the intravenous administration of ferumoxytol. Considering the pharmacokinetics of ferumoxytol, we chose to scan the patients at 48 hours post-ferumoxytol administration to allow its accumulation in the tissues. Imaging duration ranged from 30 to 45 minutes. Quantitative T2\* sequences were performed as breath-hold, mono-polar, multi-echo, gradient echo sequences with six in-phase, equally spaced echoes (TE =2.5--14.8, TR =169 ms, thickness =4 mm) in all patients.

Group A patients underwent MRI scans after completing the preoperative neoadjuvant therapy and before the scheduled Whipple's surgery. Group B patients underwent MRI scans before their scheduled Whipple's surgery. The MRI images were loaded onto the OsiriX DICOM viewer (<http://www.osirix-viewer.com>; 64-bit version ^©^Pixmeo SARL) for image viewing and post-processing. These scans were reviewed by two radiologists (with 5 and 20 years of experience in reading abdominal MRI scans, respectively) and the T2 value\* of primary tumor and adjacent disease-free parenchyma at the 48 hour time point were measured as consensus by drawing equal sized, non-overlapping, oval-shaped, operator-dependent regions of interest (ROI).

Based on the contiguity of pancreatic parenchyma and following the pancreatic duct, the pancreatic parenchyma in the vicinity of the tumor was chosen depending on its differential signal characteristics on T1- and T2-weighted images. The difference between the two values (ΔT2\*) was calculated for both groups. The tumor margin was subjectively assessed. Conspicuity of the tumor margin on the conventional T1- and T2-weighted images both pre-and post-ferumoxytol was compared to the T2\*-weighted images on post-ferumoxytol injection scan at the 48 hour time point in all ten patients as consensus on a 4-point scale: 1) distinct margin; 2) perceptible margin; 3) mixed margin (partly perceptible, partly imperceptible); and 4) imperceptible margin.

The interface between the tumor and SMV portal vein, gastroduodenal artery, and SMA was also assessed subjectively. The length of time between the scan date and date of surgery was recorded for all patients. The length of time between the last day of neoadjuvant therapy and surgery was recorded for group A.

Histopathologic analysis
------------------------

After the Whipple's procedure, the resected surgical specimens were fixed in 10% neutral buffered formalin, embedded in paraffin, sectioned, and stained with hematoxylin-eosin (HE). Two patients who did not undergo Whipple's procedure were excluded. Histopathologic analysis was performed by a gastrointestinal (GI) pathologist specialized in the field with over 10 years of experience. The tumor margins (transection, uncinate, and posterior) were assessed along with the tumor/fibrosis ratio.

Results
=======

Of the eight patients, four each were part of group A and group B. Each group comprised two women and two men. The average age was 68.6 years in group A and 70.8 years in group B. No adverse events were noted following ferumoxytol injection. All images were considered of diagnostic quality. The average area of the region of interest (ROI) was 0.5 cm^2^. The mean T2\* of the tumor and adjacent parenchyma at 48 hours in group A were 22.11 ms (SD: 12.3) and 16.34 (SD: 2.3) ms, respectively. In group B, these values were 23.96 ms for the tumor (SD: 10.6) and 23.26 ms for the adjacent parenchyma (SD: 8.5). While T2\* values of the tumor did not differ greatly, the T2\* values of the adjacent parenchyma between the two groups were strikingly different. The T2\* difference (ΔT2\*) between the tumor and adjacent parenchyma in patients who received neoadjuvant therapy was more pronounced compared to the difference in patients who did not receive neoadjuvant therapy (5.77 ms in group A \[SD: 9.5\] vs 0.70 ms in group B \[SD: 7\]; [Figure 1](#f1-ijn-9-1891){ref-type="fig"}).

The tumor margins were subjectively more distinct in group A compared to perceptible margins in group B. The margins were better appreciated on the T2\*-weighted images compared to the conventional T1- or T2-weighted images. Even in the group A patients, the margins were better delineated on post-ferumoxytol--enhanced scans at the 48 hour time point compared to the baseline scan. The interface between the tumor and SMV portal vein, gastroduodenal artery, and SMA was clearly identified by both reviewers ([Figure 2](#f2-ijn-9-1891){ref-type="fig"}). The mean duration between the scan and surgery was 7.3 days and the mean duration between the last day of neoadjuvant therapy and surgery in group A was 18 days.

Histopathologic evaluation showed prominent fibrosis with scattered residual tumor glands within the lesion (therapeutic effect) resulting in a low tumor/fibrosis ratio, and a rim of dense fibrosis around the tumor (that is, well demarcated from the intact parenchyma at its periphery) in group A. Conversely, the majority of the lesion consisted of intact tumor cells/glands, and the tumor/fibrosis ratio was significantly higher in group B ([Figure 3](#f3-ijn-9-1891){ref-type="fig"}). The tumor margins were disease free in all eight patients. Two patients (one in each group) did not undergo Whipple's procedure due to hepatic metastasis detected on preoperative imaging.

Discussion
==========

Strategies to improve the prognosis of pancreatic cancer are constantly evolving.[@b12-ijn-9-1891] A well-performed pancreatic protocol CT is a popular approach in staging pancreatic cancer and has been validated well in the literature.[@b13-ijn-9-1891]--[@b15-ijn-9-1891] MRI has also been proved equally efficacious in predicting vascular and nodal involvement.[@b16-ijn-9-1891],[@b17-ijn-9-1891] CT, however, has limited capacity to characterize the nature of post-radiation soft tissue attenuation.[@b10-ijn-9-1891] In fact, Katz et al, in their study of 129 patients with borderline resectable pancreatic carcinoma, concluded that radiographic downstaging was a rarity following neoadjuvant therapy.[@b18-ijn-9-1891] One of the reasons for the inaccurate delineation of the tumor margin is ill-defined boundaries, which is typical for pancreatic cancer, causing difficulty in identifying the full volume of the tumor mass.[@b19-ijn-9-1891] Sohn et al showed that there is a \>50% increase in 5-year mortality following a margin-positive resection.[@b20-ijn-9-1891] The significance of margin-negative resection was also studied by Howard et al, who reported a similar outcome, where the 5-year mortality was 39% higher in patients with a margin-positive resection compared to those with negative margins.[@b21-ijn-9-1891] Thus, it is not surprising that it is the main cause of local disease recurrence and grim prognosis.[@b20-ijn-9-1891] Hence, there is a need to develop alternative imaging methods in this regard.

Iron oxide-based USPIOs have been widely used for the characterization of nodal metastasis in various abdomino-pelvic malignancies.[@b22-ijn-9-1891],[@b23-ijn-9-1891] Ferumoxytol is a newer USPIO, which is FDA-approved for the treatment of iron deficiency anemia in patients with chronic renal disease and has also been utilized to image inflammation in animal studies.[@b24-ijn-9-1891]--[@b26-ijn-9-1891] Another super paramagnetic iron oxide-ferucarbotran was recently studied by Kakite et al in animal models to evaluate ablated liver parenchyma.[@b27-ijn-9-1891] This observation was further validated in human studies, which demonstrated the use of impaired clearance of ferucarbotran to assess ablative margin and predict residual or recurrent tumor in patients undergoing radiofrequency ablation for hepatocellular carcinoma.[@b28-ijn-9-1891],[@b29-ijn-9-1891] Ferumoxytol has been used for tumor imaging before by Muldoon et al for intracerebral tumors in animal models. They assessed the antiangiogenic response of chemotherapeutic agents with the use of ferumoxytol.[@b30-ijn-9-1891] The utility of iron oxide nanoparticles selectively targeting mammary cancer cells for the detection of micrometastasis was recently demonstrated in vivo and in vitro in a study by Kievit et al.[@b31-ijn-9-1891] However, to the best of our knowledge, USPIOs have not been used for the delineation of the tumor margin in pancreatic carcinomas. We observed the T2\* gradient between the tumor and adjacent disease-free parenchyma in our study, with higher T2\* values in the tumor and lower values in adjacent parenchyma in group A. Considering the neoadjuvant therapy directed at the tumor site, the inflammatory response triggered by neoadjuvant therapy explains the higher T2\* values, conveying a higher amount of intracellular ferumoxytol in the tumor region compared to the adjacent parenchyma and subsequent lower tumor-to-fibrosis ratio on histopathologic analysis. As this driving force in the form of neoadjuvant therapy was not present in group B, this group did not have the same degree of inflammation sequel and iron accumulation, thereby showing a narrow gradient in T2\* and a higher tumor/fibrosis ratio. The remarkable difference in the T2\* of adjacent parenchyma between the two groups can also be attributed to the neoadjuvant therapy, as such therapy also affects normal pancreatic cells, leading to cyanosis secondary to impairment of blood flow.[@b32-ijn-9-1891]

This apparent T2\* gradient seen in our study may be used for better tumor delineation of the pancreatic cancer, thereby affecting surgical planning. The delineation of the tumor margin was better in patients with preoperative neoadjuvant therapy (Group A) in our study. T2\*-weighted images acquired 48 hours after ferumoxytol injection can offer an added advantage over the conventional T2-weighted image. This is supported by our observation of enhanced tumor margin delineation on the T2\*-weighted post-ferumoxytol scan at the 48 hour time point in comparison with conventional T1- and T2-weighted images, even in group A.

Our study is limited by the small sample size and the fewer number of patients who underwent preoperative neoadjuvant therapy. We could not analyze the primary tumor on histopathology in two patients. We also restricted our sample size to resectable/borderline resectable pancreatic cancer patients. We assessed the tumor to fibrosis ratio subjectively and did not quantify iron accumulation histopathologically using special stains. However, we hope to highlight a potential application of ferumoxytol-enhanced MRI in enhanced delineation of pancreatic primary tumor margin with our preliminary data and to warrant the development of ferumoxytol-enhanced MRI as a diagnostic tool for pancreatic cancer. This observation can also be used to predict the status of the tumor margin on histopathology in future studies. Additionally, this observation may be applied to image other primary tumors following neoadjuvant therapy.

To conclude, by better delineation of pancreatic cancer on ferumoxytol-enhanced MRI scans in patients receiving preoperative neoadjuvant therapy, imaging may contribute a roadmap for the surgeons and can aid in achieving disease-free margin at the time of surgery, thus improving the prognosis of pancreatic carcinoma.
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![Graph showing ΔT2\* (difference between the T2\* value of the tumor and adjacent parenchyma) in group A and B.\
**Note:** Whiskers represent standard error of the mean.](ijn-9-1891Fig1){#f1-ijn-9-1891}

![T2- (**A** and **B**) and T2\*- (**C** and **D**) weighted images of a 55-year-old man showing pathologically proven pancreatic adenocarcinoma arising from the pancreatic head (asterisk in **B** and **D**).\
**Notes:** More distinct tumor margins (arrows) are visible on the T2\*-weighted image (**C**) compared to conventional T2 weighted image (arrows in **A**). The interface between the duodenal lumen (yellow in **B** and **D**), superior mesenteric vein (blue in **B** and **D**), and superior mesenteric artery (red in **B** and **D**) is also more clearly depicted on T2\*-weighted images (**C** and **D**) compared to the conventional T2 images (**A** and **B**).](ijn-9-1891Fig2){#f2-ijn-9-1891}

![Pseudofused images of T2\* maps over T1-VIBE pre- and post-ferumoxytol (**A**) and (**B**) showing distinct tumor margin (arrow) in a 55-year-old man who underwent neoadjuvant therapy. Pseudofused images of T2\* maps over T1-VIBE pre- and post-ferumoxytol (**C** and **D**) showing less distinct tumor margin (arrow) in a 62-year-old man who did not undergo neoadjuvant therapy. (**E**) non-neoadjuvant; (**F**--**H**) neoadjuvant cases: yellow lines indicate a boundary between non-neoplastic parenchyma (left) and the tumor; (**G**) atrophic acini in the background of dense fibrosis; (**H**) several malignant glands (arrows) with therapeutic effects are seen in a patchy distribution in the background of dense fibrosis. Of note, the rim of the fibrotic non-neoplastic parenchyma is well demarcated from the intact pancreatic tissue at its periphery.\
**Notes:** (**E**) and (**F**) at 20× magnification; (**G**--**H**) at 100× magnification.](ijn-9-1891Fig3){#f3-ijn-9-1891}
